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Abstract 
This paper describes an activation-free preparation of porous carbon by carbonization of a phenolic resin (PF) 
containing pore formers such as m-phthalic acid (PA), trimesic acid (TMA), and phloroglucinol (PG). Monitoring of 
their carbonization behaviors by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
suggested that PA and TMA, which have carboxylic functional groups, decomposed as single components, i.e., they 
had little interaction with PF. This left pores in the obtained carbon, as shown by N2 adsorption/desorption 
measurements. PG, which has phenolic groups, can interact strongly with PF, and no porous structure developed in 
PG/PFC. This strong interaction could prevent PG from decomposing individually and leaving pores in the carbon. It 
was also suggested that the presence of phenolic groups might cause interactions in the blend; we therefore suggest 
that pore formers with carboxyl groups would be appropriate in polymer blend carbonization techniques. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICAEE 2011. 
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1. Introduction 
Porous carbon has been used as a gas-phase and liquid-phase adsorbent [1] because of its large surface 
area. Recently, in order to improve energy efficiency, porous carbon has been used in electronic devices 
such as capacitors or electrodes, in H2 storage, and as a catalyst support [2,3]. Porous carbon is usually 
produced by carbonization of a carbon precursor under an inert atmosphere, followed by gaseous and/or 
chemical activation of the char. Pores are created as a result of gasification of the carbon matrix by an 
activation agent (H2O, CO2, KOH, etc.). However, gasification of the carbon matrix makes the obtained 
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carbon fragile and the yield is low. Moreover, careful regulation of the activation conditions is needed to 
control the pore size. To overcome these disadvantages, an activation-free preparation of porous carbon is 
needed. 
Polymer blend carbonization has recently been proposed as an alternative easy, activation-free method 
for the preparation of porous carbon; the process involves carbonizing a carbon precursor containing a 
thermally decomposable polymer [4–6] or organic substance [7] as a pore former. The pore former, which 
is dispersed in the carbon precursor, decomposes during carbonization. On removal of the pore former, 
pores are left in the carbon matrix, without further activation. The pore size is determined by the 
combination of the pore former and carbon precursor and their mixing ratio [4,7]. Carbons with various 
pore sizes, from micropores to macropores, have been prepared by polymer blend carbonization [4–7]. 
Recently, polymer blend carbonization has been used to prepare carbon nanofibers/tubes [8,9]. Polymer 
blend carbonization is therefore expected to be suitable not only as a method for activation-free 
preparation of porous carbon, but also for designing carbon nanofibers/tubes. 
In previous studies of polymer blend carbonization, it was assumed that the carbon precursor and pore 
former were independently carbonized and decomposed, i.e., it was assumed that there is no interaction 
between the carbon precursor and the pore former. However, Ozaki et al. suggested that some reactions 
occurred between pore formers and carbon precursors [10]. When choosing a suitable pore former, it is 
important to know whether or not there will be interactions in the blend. However, monitoring a reaction 
during carbonization is difficult and time-consuming because carbonization is a very complicated process. 
Pore formers have therefore been selected by trial-and-error.  
Horikawa et al. proposed an easy method for estimating the interactions in blends. The method consists 
of comparing experimental and calculated weight-loss curves measured by thermal gravimetric analysis 
(TGA) [7]. In this study, to obtain a more detailed insight into the nature of the interactions occurring in 
blends, we applied their method to differential scanning calorimetry (DSC) measurements coupled with 
TGA. This is because when pore formers are thermally decomposed there is a large heat flow, and this can 
be sensitively detected by DSC. The present study aims to identify structures causing interactions in 
blends, and to find a method for selecting appropriate pore formers. We used simple organic substances, 
namely benzene derivatives with different functional groups on the benzene ring, as the pore former, and 
studied the effects of the type of functional group on the interactions in the blend during carbonization. A 
phenolic resin was used as the carbon precursor in this study. We also investigated the effects of the 
interactions on the porous structure of the obtained carbon.  
2. Experimental 
2.1. Materials 
A resol-type phenol–formaldehyde resin (Gun-ei Chemical Industry Co., Ltd., Gunma, Japan) was 
used as the carbon precursor. Three pore formers were used in this study: m-phthalic acid (PA), trimesic 
acid (TMA), and phloroglucinol (PG) (all from Wako Pure Chemical Industries, Ltd., Osaka, Japan). Fig. 
1 shows the molecular structures of the pore formers used in the present work. Pore formers with fewer 
phenolic or carboxylic groups, such as phenol and benzoic acid, were also candidates for pore former. 
However, in our preliminary experiments, we found it difficult to obtain the calculated curves for their 
blends because the mixing ratios changed as a result of sublimation of the pore former during resin curing.  
2.2. Sample preparation 
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Blends were prepared by mixing the phenolic resin and pore former. A designated amount of phenolic 
resin and PA, TMA, or PG was mixed in methanol. The weight ratio of phenolic resin to pore former was 
2:1. These blends were evaporated under a vacuum to remove the methanol remaining in the blends. The 
resulting resin, with or without pore former, was cured at 80 °C for 10 d. The obtained phenolic resin 
without any pore former was denoted by PF, and PF mixed with PA, TMA, or PG was denoted by PA/PF, 
TMA/PF, or PG/PF, respectively. The samples were then carbonized by heating up to 1000 °C at a rate of 
5 °C/min, and then leaving for 1 h under Ar. The carbonized samples were represented by adding “C” to 
the blend name, e.g., PA/PFC. 
Fig. 1. Molecular structures of pore formers used in this study 
2.3. Analysis
The carbonization behaviors of the samples were monitored by TGA (Shimadzu, Kyoto, Japan; TGA-
50H) and DSC (Mettler Toledo, Tokyo, Japan; DSC-821e); both were performed at a constant heating 
rate of 5 °C/min under an Ar flow (50 mL/min). The porous structures of the carbon materials were 
evaluated from their N2 adsorption/desorption isotherms measured at liquid-N2 temperature using a 
Belsorp 18 plus analyzer (BEL Japan, Inc., Osaka, Japan).  
3. Results and discussion 
Fig. 2a shows the TG curves of the raw materials. PF showed a gradual weight decrease at 200–600 °C 
and gave an adequate carbon residue (58 wt%). PF is therefore an appropriate carbon precursor. The pore 
formers, i.e., PA, TMA, and PG, showed significant weight decreases at 200–400 °C, which is attributed 
to their thermal decomposition. PG gave a 25 wt% carbon yield, but most of the pore former vanished 
after heating to 1000 °C. All the pore formers used in this study are therefore expected to leave pores in 
the carbon matrix if they decompose individually, without interacting with PF.  
Interactions between PF and the pore former could produce significant changes in their individual 
thermal behaviors. These changes are expected to be reflected in the differences between experimental 
and calculated TG curves. Figs. 2b-d show the TG curves of the blends (PA/PF, TMA/PF, and PG/PF) 
and the corresponding calculated curves. The calculated curves were obtained by adding together the 
individual TGA curves of the carbon precursor and pore former, based on their mixing ratio. The TGA 
results demonstrated that the PA/PF curve coincided with the calculated PA/PF curve over the entire 
temperature range (Fig. 2b), indicating little interaction between PA and PF during carbonization. Pores 
could therefore be formed in PA/PFC. A similar situation was observed for TMA/PF up to 370 °C; 
however, the carbon yield from the experimental curve exceeds that of the calculated curve above this 
temperature (Fig. 2c). These results suggest that TMA decomposed individually below 370 °C. However, 
interactions between TMA and PF above 370 °C could increase the carbon yield. Disagreements among 
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experimental and calculated data were also observed in PG/PF (Fig. 2d). The experimental temperature 
for the onset of weight loss was considerably lower than the calculated onset temperature, suggesting that 
PG interacts with PF. 
Fig. 2. TG curves of (a) raw materials, (b) PA/PF, (c) TMA/PF, and (d) PG/PF, and their calculated TG curves. Calculated curves
were obtained from TGA data for PF and the relevant pore former 
The TGA results suggested that TMA and PG interacted with PF during carbonization. To obtain a 
more detailed insight into the interactions, DSC measurements were carried out. The pore formers 
decomposed with large heat flows, and these can be sensitively monitored by DSC. Fig. 3a shows the 
DSC results for PF and the pore formers (PA, TMA, and PG) heated to 600 °C at a rate of 5 °C/min in an 
Ar flow. No significant peak was detected on the PF curve, but sharp endothermic peaks were detected on 
the DSC curves of the pore formers at 200–400 °C. The pore formers decomposed at these temperatures 
(Fig. 2a), thus these sharp peaks are attributed to the thermal decomposition of the pore formers. 
Calculated DSC curves were obtained from the sum of the curves of PF and the relevant pore former, 
based on the mixing ratio. Fig. 3b presents the DSC data on PA/PF and the corresponding calculated 
value. A sharp endothermic peak was detected in the both calculated and experimental curves of PA/PF at 
almost the same temperature. A similar result was observed for TMA/PF (Fig. 3c). The calculated TMA 
curve showed two endothermic peaks at around 300 °C and 370 °C, i.e., the same temperatures as those 
found for TMA/PF. These observations, coupled with previous TG data, suggest little interaction between 
PA and PF during carbonization. The behavior of TMA in PF was similar to that of PA below 370 °C. At 
higher temperatures, interactions occurred, resulting in a carbon weight gain (Fig. 2c). The situation with 
PG/PF was different from those for PA/PF and TMA/PF. Fig. 3d shows a sharp endothermic peak at 
220 °C in the calculated DSC profile. The addition of PG to PF leads to disappearance of this peak, or a 
shift to a lower temperature of 180 °C and a reduction in peak size. This means that PG would strongly 
interact with PF, preventing PG from thermally decomposing as a single component. 
From the TGA and DSC results, we conclude that the strengths of the interactions between the pore 
former and PF are in the following sequence: PG >> TMA > PA. A comparison of TMA and PG suggests 
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that the phenolic groups in the pore formers interacted more strongly with PF than the carboxylic groups 
do, thereby changing the carbonization behavior during heating of the PF resin. 
Fig. 3. DSC profiles of (a) raw materials, (b) PA/PF, (c) TMA/PF, and (d) PG/PF, and their calculated profiles. Calculated profiles
were obtained by adding together the DSC profiles of PF and the relevant pore former, based on the mixing ratio 
Fig. 4. N2 adsorption/desorption isotherms at liquid-N2 temperature: (a) PFC and (b) PA/PFC, TMA/PFC, and PG/PFC. Closed 
symbol: adsorption, open symbol: desorption 
The porous structures of the obtained carbons were evaluated by N2 adsorption/desorption 
measurements (Fig. 4). PFC showed a small amount of adsorption, indicating that there is no significant 
porous structure in PFC. PA/PFC and TMA/PFC showed considerable N2 adsorption, indicating pore 
formation in these carbons. This observation combined with the TGA and DSC results suggests that little 
interaction occurred in PA/PFC and TMA/PFC during carbonization; this enables the pore formers to 
decompose individually and form pores. In contrast, lower N2 adsorption was observed in PG/PFC as 
PFC, which means that a porous structure was not developed in PG/PFC. The strong interactions between 
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PF and PG suggested by the TGA and DSC data could prevent PG from decomposing individually and 
leaving pores in the carbon. 
4. Conclusions 
The interactions between PF and pore formers during carbonization, and the resulting porous structure 
in the carbon were investigated to determine which structures cause interactions in blends. We showed 
that a calculated curve method would be helpful in selecting pore formers because it does not require a 
complicated or time-consuming analytical process. DSC is particularly useful for identifying interactions 
because it can sensitively detect heat flow caused by thermal decomposition of the pore former. Our 
results suggest that the interactions become stronger in the following sequence: PG >> TAM > PA. A 
porous structure was developed in PA/PFC and TMA/PFC, in which interactions were weak, but PG/PFC, 
in which the interactions are strong, did not have pores. Strong interactions between PF and the pore 
former could prevent PG from decomposing individually and leaving pores in the carbon. The results also 
suggested that the presence of phenolic groups might cause interactions in the blend. We therefore 
suggest that pore formers with carboxyl groups would be appropriate in the polymer blend carbonization 
technique.
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